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Abstract
In Drosophila oogenesis, the programmed cell death of germline cells occurs predominantly at three distinct stages. These cell deaths
are subject to distinct regulatory controls, as cell death during early and midoogenesis is stress-induced, whereas the cell death of nurse cells
in late oogenesis is developmentally regulated. In this report, we show that the effector caspase Drice is activated during cell death in both
mid- and late oogenesis, but that the level and localization of activity differ depending on the stage. Active Drice formed localized
aggregates during nurse cell death in late oogenesis; however, active Drice was found more ubiquitously and at a higher level during
germline cell death in midoogenesis. Because Drice activity was limited in late oogenesis, we examined whether another effector caspase,
Dcp-1, could drive the unique morphological events that occur normally in late oogenesis. We found that premature activation of the effector
caspase, Dcp-1, resulted in a disappearance of filamentous actin, rather than the formation of actin bundles, suggesting that Dcp-1 activity
must also be restrained in late oogenesis. Overexpression of the caspase inhibitor DIAP1 suppressed cell death induced by Dcp-1 but had
no effect on cell death during late oogenesis. This limited caspase activation in dying nurse cells may prevent destruction of the nurse cell
cytoskeleton and the connected oocyte.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Caspases are a class of proteases that play central roles in
immunity and apoptosis (reviewed in Earnshaw et al., 1999;
Nicholson, 1999; Shi, 2002). During apoptosis, caspases
function as executioners of the cell, cleaving many different
proteins which results in the final end-state of the apoptotic
cell. In most cell types, caspases are present in an inactive
zymogen form, possessing an N-terminal prodomain. In
response to apoptotic signals, caspases are activated by
proteolytic removal of the prodomain, processed into two
subunits, and assembled into an active tetrameric complex
(reviewed in Shi, 2002). Caspases fall into two major
classes, initiator and effector caspases, based on the lengths
of their prodomains and roles in promoting apoptosis. Ini-
tiator caspases undergo autoproteolysis following the bind-
ing of adaptor proteins to their relatively long prodomains.
In mammals, the initiator procaspase-9 is activated by a
cytochrome c/Apaf-1 complex (reviewed in Adrain and
Martin, 2001; Shi, 2002). Cytochrome c, a component of the
mitochondrial respiratory chain, is released from mitochon-
dria into the cytosol following diverse apoptotic stimuli.
Cytosolic cytochrome c binds Apaf1, triggering its oli-
gomerization and activation of pro-caspase-9 (Liu et al.,
1996; Kluck et al., 1997). The effector caspases are proteo-
lytically cleaved and activated by initiator caspases (re-
viewed in Adrain and Martin, 2001). Once active, effector
caspases dismantle the cell by cleaving a variety of cellular
targets, including regulatory and structural proteins (re-
viewed in Cryns and Yuan, 1998; Earnshaw et al., 1999,
Nicholson, 1999; Utz and Anderson, 2000; Martin, 2002).
These cleaved proteins act to disrupt cellular homeostasis,
accelerate apoptosis, control cellular disassembly, and pre-
pare the cell for engulfment (reviewed in Nicholson, 1999).
The mechanism of apoptosis in Drosophila has a number
of similarities with mammalian systems (reviewed in Ver-
nooy et al., 2000; Richardson and Kumar, 2002). Seven
caspases are present in the Drosophila genome, and based
on structural homology, three are placed in the initiator class
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(Dredd/Dcp-2, Dronc, and Strica/Dream) and four in the
effector class (Dcp-1, Drice, Decay, and Damm/Daydream)
(reviewed in Kumar and Doumanis, 2000). Of the four
effector caspases, Dcp-1, Drice (Flybase: Ice), and Decay
share the highest degree of sequence similarity with
caspase-3, the major mammalian effector caspase (Song et
al., 1997; Fraser and Evan, 1997; Dorstyn et al., 1999;
Harvey et al., 2001). Additionally, Dcp-1 has a substrate
preference identical to mammalian caspase-3 (Song et al.,
2000). The Drosophila protein DIAP1, encoded by the
thread gene, is a cellular caspase inhibitor that has been
shown to inhibit several of the fly caspases (reviewed in
Richardson and Kumar, 2002). The Drosophila Apaf-1 ho-
molog, Dark/Dapaf-1/Hac-1, plays an important role in
Drosophila cell death (Kanuka et al., 1999; Rodriguez et al.,
1999; Zhou et al., 1999), but the role for cytochrome c is not
clear as it remains associated with mitochondria in dying
cells (Varkey et al., 1999; Dorstyn et al., 2002; Zimmerman
et al., 2002). Cytochrome c may undergo a conformational
change in dying cells as a particular monoclonal antibody
specifically labels dying cells in Drosophila (Varkey et al.,
1999). In cultured Drosophila S2 cells, the appearance of
this altered form of cytochrome c is blocked by caspase
inhibitors and is induced by transfection of activated Dcp-1,
suggesting that caspase activity is required for the alteration.
The nurse cells of the Drosophila ovary are an excellent
system in which to analyze the events of programmed cell
death, as these cells are large and normally undergo devel-
opmentally programmed cell death in vivo (Foley and
Cooley, 1998; McCall and Steller, 1998). During oogenesis,
hundreds of germline cysts called egg chambers are formed,
each containing 15 nurse cells which support the growth of
a single oocyte (reviewed in Spradling, 1993). The nurse
cells remain connected to the oocyte through intercellular
bridges called ring canals, which allow the transfer of cel-
lular contents from the nurse cells to the oocyte. Much of
the transfer of nurse cell contents occurs rapidly during late
oogenesis (stage 11), and this “dumping” stage is accom-
panied by the formation of actin bundles in the cytoplasm,
followed by the degeneration of nurse cell nuclei in stage
13. This degeneration of nurse cells has many similarities to
typical apoptosis, as the cells expose cytochrome c, lose
nuclear lamin staining, and stain positively for markers for
apoptotic cells, such as TUNEL, acridine orange, and An-
nexin V (Smith and Fisher, 1989; Foley and Cooley, 1998;
McCall and Steller, 1998; Varkey et al., 1999; McCall et al.,
2003). However, the cytoskeletal events are unlike those
reported for typical apoptotic cells (Huot et al., 1998; Mills
et al., 1999; Bursch et al., 2000; Suarez-Huerta et al., 2000).
Moreover, an unusual aspect of this cell death is that the
connected oocyte is protected from the death process oc-
curring in the nurse cells, suggesting that caspase activity is
carefully controlled.
Drosophila egg chambers also degenerate earlier in oo-
genesis, in the germarium (stage 2a/2b), and during midoo-
genesis (stage 8), in response to nutrient deprivation, blocks
in ecdysone signaling, treatment with chemicals, ectopic
death of follicle cells, or abnormal egg chamber develop-
ment (Giorgi and Deri, 1976; Chao and Nagoshi, 1999; De
Lorenzo et al., 1999; Nezis et al., 2000; Drummond-Bar-
bosa and Spradling, 2001). Cell death that occurs during
stage 8 leads to the complete degeneration of the egg cham-
ber, including nurse cells, follicle cells, and the oocyte. This
cell death is not accompanied by the formation of actin
bundles or the transfer of cytoplasm to the oocyte (Chao and
Nagoshi, 1999; Nezis et al., 2000).
In this report, we have investigated the role of effector
caspases in germline cell death in the Drosophila ovary. We
show that the effector caspase Drice is activated during late
nurse cell death and forms localized aggregates. In contrast,
we find that the germline cell death that occurs during
midoogenesis in response to nutrient deprivation is accom-
panied by a much higher and more ubiquitous activation of
Drice. Because Drice activity appeared to be limited in late
oogenesis, we examined whether the activity of another
effector caspase, Dcp-1, was sufficient to drive the specific
nuclear and cytoskeletal events normally seen in late oo-
genesis. Activated Dcp-1 induced apoptosis that was ac-
companied by a disappearance of filamentous actin, rather
than the actin bundles or nurse cell cytoplasm transfer that
normally occurs in late oogenesis, suggesting that Dcp-1
activity is also restrained in late oogenesis. Furthermore, we
found that overexpression of the caspase inhibitor DIAP1
was sufficient to block activated Dcp-1-induced apoptosis,
but it did not block naturally occurring nurse cell death late
in oogenesis. These results suggest that there is limited
caspase activation during nurse cell programmed cell death,
which allows for the retention of a functional nurse cell
cytoskeleton and protection of the oocyte.
Materials and methods
Drosophila stocks
yw67c23 was used as the wild-type stock and strain for
transformation. The nanos-GAL4VP16 flies were received
from Pernille Rorth. The BB127 lacZ enhancer trap was
used to label germline nuclei and was obtained from the
Bloomington Stock Center. For nutrient deprivation exper-
iments, flies were conditioned on yeast paste for 2-4 days
and then placed in a dry vial with access to a 10% sucrose
solution for 4-6 days.
Generation of transgenic flies
The truncated dcp-1 gene was PCR amplified from the
pGMR-N-dcp-1 plasmid (Song et al., 2000) by using
primers with end points corresponding to 460 and 1315
of the dcp-1 cDNA (GenBank Accession No. AF001464)
and cloned into the UASp vector (Rorth, 1998). The entire
coding region of DIAP1 was PCR amplified from yw flies,
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using primers with end points corresponding to 421 and
1748 of the DIAP1 cDNA (GenBank Accession No.
L49440) and subcloned into the UASp vector (Rorth, 1998).
Constructs were purified with Qiagen Endofree columns,
and transgenic flies were generated by P-element-mediated
transformation using standard procedures.
Staining procedures
Ovaries from flies conditioned on wet yeast paste were
dissected and stained with antibodies as described (Ver-
heyen and Cooley, 1994), except that stained tissues were
mounted in Vectashield, with or without DAPI to label
nuclei (Vector Labs, Burlingame, CA). CM-1, a polyclonal
antibody generated against recombinant processed human
caspase-3, was obtained from Idun Pharmaceuticals and
diluted 1:1500. Mouse anti-cytochrome c of the 2G8 clone
was obtained from Ron Jemmerson and used at 22 g/ml.
Mouse anti--spectrin antibody, developed by D. Branton
and R. Dubreuil, was obtained from the Developmental
Studies Hybridoma Bank (maintained by the University of
Iowa, Department of Biological Sciences, Iowa City, IA)
and was used at a 1:10 dilution. Secondary antibodies used
were goat-anti-rabbit-Cy3, goat-anti-mouse-Cy3 (Jackson
ImmunoResearch Labs, West Grove, PA), and goat-anti-
rabbit Alexa Fluor 488 (Molecular Probes, Eugene, OR).
-Galactosidase detection and TUNEL staining were car-
ried out as described (McCall and Steller, 1998). For double
staining with rhodamine-phalloidin and Oligreen (both from
Molecular Probes), egg chambers were fixed for 15 min in
1:1 heptane:6% formaldehyde in Pipes buffer (0.1 M Pipes,
2 mM MgSO4, 1 mM EGTA). After washing several times
in PBT (1 PBS  0.1% Triton X), egg chambers were
incubated for 20 min with rhodamine-phalloidin, diluted
1:20 in PBT. Egg chambers were washed twice with PBT
and incubated for 20 min with Oligreen diluted 1:5000 plus
0.02 mg/ml RNase A. Egg chambers were washed again in
PBT and mounted in antifade solution (Verheyen and
Cooley, 1994). Samples were viewed on an Olympus BX60,
and photographs were taken with film or an Olympus Mag-
naFire SP digital camera. Confocal images were taken on an
Olympus Fluoview confocal microscope. All images were
processed by using Adobe Photoshop.
Results
Stage-specific differences in caspase activity
Dying germline cells display distinct morphological
events depending on the stage in which they die. To deter-
mine whether the morphological differences were due to
differences in caspase activity, we stained egg chambers
with CM1, an antibody that recognizes activated effector
caspases in mammals and Drosophila (Srinivasan et al.,
1998; Baker and Yu, 2001; Yu et al., 2002). In Drosophila,
the CM1 antibody has been shown to specifically recognize
an activated form of the effector caspase Drice with no
apparent cross-reactivity against the closely related caspase
Dcp-1 (Yu et al., 2002). We found that CM1 staining dif-
fered depending on the stage in which the germline cells
were dying. In wild-type ovaries, the antibody diffusely
labeled the cytoplasm of follicle cells and nurse cells
throughout oogenesis (data not shown). Beginning in late
stage 10, punctate staining was seen surrounding nurse cell
nuclei (Fig. 1A and E). The number of spots of staining
increased and larger aggregates began to form beginning in
stage 12 (Fig. 1B and F). However, egg chambers that
degenerated during stage 8 in response to nutrient depriva-
tion showed much higher levels of CM1 reactivity (Fig.
1C). This reactivity was found throughout the cytoplasm,
with the highest levels in aggregates near nurse cell nuclei.
To reliably compare the different intensities of CM1 stain-
ing, we performed double-labeling with CM1 and an anti-
body against -spectrin, a membrane-associated cytoskel-
etal protein. As shown in Fig. 1G and H, the -spectrin
staining of follicle cells is constant in the two images, while
the CM1 staining was significantly more intense in the stage
8 egg chambers degenerating in response to nutrient depri-
vation (Fig. 1H). Thus, Drice was activated to significantly
higher levels in egg chambers dying during midoogenesis.
Germline expression of activated Dcp-1 induces apoptosis
in midoogenesis
The morphological differences between the two stages of
cell death could be because caspases other than Drice are
activated in late oogenesis, leading to the cleavage of dis-
tinct cellular targets. Indeed, the other Drosophila effector
caspases are expressed during oogenesis (Song et al., 1997;
Dorstyn et al., 1999; Harvey et al., 2001). Therefore, to
determine whether the effector caspase Dcp-1 could induce
the morphological changes seen in late oogenesis, we ex-
pressed an activated form of Dcp-1 throughout oogenesis by
generating transgenic flies carrying a truncated form of
dcp-1 under the control of the UASp promoter. Truncation
of the prodomain of Dcp-1 and other caspases has been
shown to lead to enhanced auto-processing and apoptosis when
overexpressed (Duan et al., 1996; Song et al., 2000). The
UASp promoter can be activated to high levels throughout
oogenesis beginning at the germarium stage by coexpression
of a nanos-GAL4VP16 driver (Rorth, 1998), and the level of
expression can be varied by altering the number of transgenes
or temperature. Therefore, flies carrying the UASp-tdcp-1
transgene were crossed to the nanos-GAL4VP16 line, and
females carrying various copy numbers of the transgenes
were analyzed.
UASp-tdcp-1 nanos-GAL4VP16 flies displayed dosage-
sensitive phenotypes (Fig. 2A–C). Flies carrying one copy
of each transgene were fertile and had normal egg cham-
bers, with an occasional degenerating chamber (Fig. 2A).
Shifting these flies from 25 to 29°C, which has been shown
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to increase GAL4-dependent transcription in Drosophila
(van Roessel and Brand, 2000), resulted in an increase in the
number of degenerating chambers. Flies raised at 25°C and
carrying two copies of each transgene were sterile, and most
of these ovaries were completely devoid of defined egg
chambers (Fig. 2C). Flies raised at 25°C and carrying one
copy of UASp-tdcp-1 and two copies of nanos-GAL4VP16
were sterile and had an intermediate phenotype, with most
egg chambers degenerating between stages 8 and 10 of
oogenesis (Fig. 2B and D). Control flies, homozygous for
either UASp-tdcp-1 or nanos-GAL4VP16 alone, were fertile
and had normal oogenesis. The combination of three trans-
genes shown in Fig. 2B was used for all further studies, and
these flies will be referred to as “tdcp-1” flies.
To determine whether cell death occurring during oogen-
esis was dependent on caspase activity, we expressed the
caspase inhibitor DIAP1 in the germline using nanos-
GAL4VP16. Expression of UASp-DIAP1 suppressed the ste-
rility and the ectopic cell death found in tdcp-1 flies (Fig.
2D–F). Some egg chambers appeared to be only partially
rescued, as the germline survived but the follicle cells dis-
appeared (Fig. 2E). This phenotype is similar to that seen in
egg chambers lacking dcp-1 activity (B. Laundrie, J.P., J.
Baum, J. Chang, D. Fileppo, S. Thompson, and K.M., un-
published observations). However, we were surprised to see
that normally occurring nurse cell death was not signifi-
cantly affected, as nurse cell dumping and clearance of
nuclei occurred normally (Fig. 2F). Normal nurse cell death
was seen to occur in two different insertion lines of UASp-
DIAP1 carrying two copies of nanos-GAL4VP16.
Dying egg chambers in ovaries from tdcp-1 transgenic
flies showed robust labeling with the CM1 antibody at stage
8, showing that Dcp-1 activity leads to processing of Drice
in vivo (Figs. 1D) as has been shown in vitro (Song et al.,
2000). The level of CM1 staining was significantly more
intense than that seen in wild-type egg chambers at stages
Fig. 1. Drice activity is regulated stage-specifically. Staged egg chambers were immunolabeled with the CM1 antibody and examined with confocal
microscopy. (A, E) Wild-type stage 10 egg chambers (n  1100) show diffuse staining and a few intense spots of active Drice, primarily clustered around
nurse cell nuclei. (B, F) Wild-type stage 12/13 egg chambers (n  350) show an increase in the number and size of aggregates in the nurse cell cluster. (C,
H) Wild-type stage 8 egg chambers (n  175) degenerating in response to nutrient deprivation, showing a ubiquitous high level of Drice expression in the
cytoplasm. (D) Dying tdcp-1 egg chambers (n  1100) show CM1 levels similar to (C) and (H). (G, H) Egg chambers double-labeled with CM1 (green) and
anti--spectrin (red). (G) is a stage 13 wild type egg chamber (n  45), and (H) shows two midstage egg chambers (n  35) degenerating in response to
nutrient deprivation. The intensity of -spectrin staining in follicle cells of (G) and (H) is equivalent, but CM1 staining in (H) is more intense than in (G).
Images (A–D) were taken at the same laser intensity and PMT value. Images (E) and (F) were taken at higher levels to increase the signal intensity and to
show the pattern of aggregates around nurse cell nuclei. Images (G) and (H) were taken at the same laser intensity and PMT value. All images were
photographed at 400 magnification. The secondary antibody used to visualize CM1 was goat-anti rabbit Cy3 in (A–D), and goat-anti-rabbit Alexa-Fluor
488 in (E–H). The secondary antibody used to visualize anti--spectrin in (G) and (H) was goat-anti-mouse Cy3.
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10-13, and was comparable to that seen in the wild-type
dying stage 8 egg chambers (Fig. 1C and H).
Dying egg chambers from tdcp-1 flies show nuclear
events similar to the events that occur during normal late
oogenesis
To determine whether Dcp-1 could drive the nuclear
events seen normally during stages 10-13, we examined the
tdcp-1 egg chambers with several markers. As visualized
with DAPI, the tdcp-1 flies had condensed nurse cell nuclei
beginning between stages 8 and 10 of oogenesis, often
condensing to form variable shapes and fragmented nuclei
(Fig. 3A). In contrast, nurse cell nuclei from wild-type flies
formed fairly symmetrical condensed balls during stage 13
(Fig. 3B). Variable chromatin condensation has also been
observed when egg chambers die during midoogenesis in
response to nutrient deprivation or other insults (data not
shown; Chao and Nagoshi, 1999). The other nuclear events
induced by tdcp-1 resembled those seen normally in late
oogenesis. DNA fragmentation was seen to occur in the
tdcp-1 nurse cells as revealed by TUNEL staining (Fig. 3C)
and nuclei became permeable as visualized with a nuclear
-gal marker (Fig. 3D–F). In some cases, cytoplasmic -gal
was found to precede any chromatin condensation, similar
to the order of events in later stage wild-type egg chambers.
Actin bundles fail to form in tdcp-1 flies
To determine whether Dcp-1 activity could induce the
distinctive cytoskeletal events that normally occur in late
oogenesis, tdcp-1 flies were stained with rhodamine-conju-
gated phalloidin to assess the effects on filamentous actin. In
wild-type egg chambers, actin was localized to the cell
membrane in early stages and cytoplasmic bundles were
seen by stage 11 (Fig. 4A and B). In the tdcp-1 flies, no
cytoplasmic actin bundles were observed. Furthermore, no
dumping of nurse cell cytoplasm into the oocyte was seen.
As the nurse cell nuclei became condensed, actin disap-
peared, with the last remnants seen as isolated ring canals or
unusual actin-rich structures (Fig. 4C and D). Thus, the
cytoskeletal events that normally occur in late oogenesis
were not induced by premature activation of Dcp-1.
Follicle cells died much later than the nurse cells in the
tdcp-1 egg chambers, and as a result, many of the late events
of oogenesis still occurred, such as follicle cell migration
and chorion deposition. Interestingly, many of the late egg
chambers that synthesized chorion displayed a dumpless
Fig. 2. Expression of truncated Dcp-1 leads to premature apoptosis that is inhibited by DIAP1. A truncated version of Dcp-1 (missing the first 33 amino acids)
was expressed in the germline by using the UASp/nanos-GAL4 system, either without (A–D) or with (E, F) UASp-DIAP1. Ovaries were dissected from
conditioned females and stained with DAPI to label nuclei. (A) One copy of UASp-tdcp-1 and one copy of nanos-GAL4VP16 looks essentially wild-type,
with an occasional degenerating egg chamber (arrow, n 35 flies, 5 different UASp-tdcp-1 transformant lines examined). (B) With one copy of UASp-tdcp-1
and two copies of nanos-GAL4, most egg chambers degenerate between stages 8 and 10 of oogenesis (n  35 flies). Arrows indicate two of the degenerating
egg chambers. This transgene configuration was used for other figures. A second transformant line was examined with this transgene configuration and
showed a stronger phenotype, with the majority of egg chambers degenerating prior to stage 7. (C) With two copies of both transgenes, all egg chambers
degenerate very early in oogenesis (n  24 flies). The image shows a pair of ovaries dissected from one fly. (D) Degenerating egg chamber (arrow) from
/CyO; UASptdcp-1 nanos-GAL4VP16/ nanos-GAL4VP16 flies. (E) Egg chamber from / UASp-DIAP1; UASp-tdcp-1 nanos-GAL4VP16/ nanos-
GAL4VP16 flies. Germline cell death has been suppressed but the follicle cells have disappeared in the egg chamber indicated by the arrow. (F) Stage 14
egg chamber from the same genotype as (E). Egg chambers from (D–F) are from siblings generated from the same cross. Many egg chambers of either
genotype contained too many nurse cells (apparent in D, E). Images (A–C) were taken at 100, and images (D–F) were taken at 200 magnification.
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phenotype (Fig. 4E and F). Because actin had been depleted
from these egg chambers, it may not have been available for
nurse cell contraction necessary for dumping, thus produc-
ing the dumpless phenotype. The follicle cells continued to
function through the later stages of oogenesis, but chorion
synthesis was no longer coordinated with nurse cell death
and cytoplasm dumping.
Cytochrome c exposure does not occur in dying tdcp-1
egg chambers
The anti-cytochrome c antibody, mAb 2G8, has been
proposed to recognize an altered configuration of the protein
and specifically labels dying cells in Drosophila (Varkey et
al., 1999). To determine whether Dcp-1 activity could in-
duce cytochrome c alteration in egg chambers, we stained
wild-type and tdcp-1 egg chambers with mAb 2G8. As
previously reported, cytochrome c immunoreactivity was
detected in dying nurse cells of egg chambers during stages
10-13 of development in wild-type ovaries (Varkey et al.,
1999). However, we found differences in the pattern of
cytochrome c staining compared with what was previously
reported (Varkey et al., 1999). We found staining in a
“sunrise” pattern with staining first detected in stage 10 in
the nurse cells closest to the oocyte (Fig. 5A). The staining
was restricted to the cytoplasm of nurse cells and was
punctate, suggesting that it was localized to the mitochon-
dria as has been shown in S2 cells (Varkey et al., 1999). In
subsequent stages, the intensity of staining increased, even-
tually encompassing the cytoplasm of all of the nurse cells
and persisting until death of the nurse cells was complete at
the end of stage 13 (Fig. 5B). Surprisingly, in tdcp-1 flies,
the cytochrome c antibody did not label dying egg chambers
at stages 8 and 9 (Fig. 5C). Occasional egg chambers sur-
viving to stage 10 and beyond showed some staining in the
characteristic pattern, but the staining was weak (Fig. 5D).
Cytochrome c immunoreactivity also was not detected in
egg chambers dying during midoogenesis in response to
nutrient deprivation (data not shown). These findings sug-
gest that the altered form of cytochrome c is not necessary
for some cell deaths in Drosophila.
Discussion
Programmed cell death occurs predominantly during
three stages in Drosophila oogenesis: stage 2a/2b (germa-
rium), stage 8 (midoogenesis), and stages 10-13 (late oo-
genesis) (Drummond-Barbosa and Spradling, 2001). The
cell death of egg chambers in the germarium and during
midoogenesis is induced in response to poor nutrition and
other insults. In contrast, the nurse cell death that occurs in
late oogenesis is necessary for the proper development of
every oocyte. We have found that the effector caspase Drice
is activated during both mid- and late-oogenesis as revealed
with the CM1 antibody. Drice activity was found at high
levels throughout the cytoplasm in dying stage 8 egg cham-
bers, whether death was driven by the effector caspase
Dcp-1 or by nutrient deprivation. Similarly, activated Drice
has been found in the cytoplasm of dying cells within the
pupal retina (Yu et al., 2002). In contrast, naturally occur-
ring nurse cell death at the end of oogenesis was accompa-
nied by limited Drice activity, localized in aggregates
within the cytoplasm. Therefore, caspase activity appears to
be regulated differently during late stage nurse cell death
and may involve only limited caspase activation. Alterna-
tively, caspases other than Drice may be involved.
During late oogenesis, each developing oocyte receives
the cytoplasmic contents of 15 nurse cells. This rapid cyto-
plasm transport requires distinct cytoskeletal events and is
Fig. 3. Nuclear events in dying tdcp-1 egg chambers. Egg chambers were stained with DAPI (A, B), TUNEL (C), or X-gal (D–F). (A) Variable chromatin
condensation in tdcp-1 egg chamber. (B) Uniform chromatin condensation in wild-type stage 13 egg chamber. (C) TUNEL-staining of dying tdcp-1 egg
chambers. (D) -Gal is localized to nurse cell nuclei in early wild-type egg chambers. A subset of follicle cells at the border between the oocyte and nurse
cells also stain positively for -gal (arrow). (E) Leakage of nuclear -gal from nurse cell nuclei in a wild-type stage 11 egg chamber. -Gal-positive follicle
cells are indicated by an arrow. (F) Nuclear -gal reporter leaks into the cytoplasm in dying tdcp-1 egg chambers. Scale bars for all panels are 50 m.
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accompanied by nuclear events resembling those that occur
during apoptotic cell death. Because Drice activity appeared
to be limited in late oogenesis, we examined whether the
activity of another effector caspase, Dcp-1, was sufficient to
drive the nuclear and cytoskeletal events normally seen in
late oogenesis. Expression of activated Dcp-1early in oo-
Fig. 4. Expression of truncated Dcp-1 leads to a disruption of actin. (A–D) Egg chambers were stained with phalloidin, which labels filamentous actin (red),
and Oligreen, which labels DNA (green), and merged images were visualized with confocal microscopy. (A) Wild-type stage 10 egg chamber shows actin
at the membrane of nurse cells (arrow). (B) Slightly later stage 11 shows actin bundles forming in the cytoplasm (arrow). (C–F) Dying egg chambers from
tdcp-1 flies (n 58 egg chambers examined). (C) Expression of truncated Dcp-1 leads to the formation of small actin-rich structures and later a disappearance
of filamentous actin. Arrow indicates a persisting ring canal. (D) A later stage egg chamber shows unusual actin-rich structures (arrow). (E) DAPI-stained
late egg chamber shows a dumpless phenotype, suggesting that the depletion of actin blocks normal nurse cell cytoplasm transfer to the oocyte. (F) DIC image
of the same egg chamber. The asterisk indicates the persisting nurse cell cluster. (A–D) 400, and (E, F) 200 magnification.
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Fig. 5. Cytochrome c exposure fails to occur in tdcp-1 egg chambers. Dissected egg chambers were stained with anti-cytochrome c mAb 2G8 followed by
goat-anti-mouse-Cy3 and visualized with confocal microscopy. (A) Wild-type stage 10 (n 1450) shows punctate staining in nurse cells closest to the oocyte.
The nurse cell/oocyte border is indicated by the arrow. (B) Wild-type stage 13 (n  450) shows cytochrome c staining that fills the nurse cell cluster.
Autofluorescence of the growing dorsal appendage is indicated by the asterisk. (C) Dying tdcp-1 egg chamber at stage 9 (n  350) shows little or no
cytochrome c staining. (D) Dying tdcp-1 egg chamber at stage 13 (n  20) shows normal pattern of cytochrome c staining at a reduced level. All images
are at 400 magnification.
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genesis led to widespread apoptosis, and the dying egg
chambers induced by expression of tdcp-1 generally showed
nuclear events similar to normal nurse cell death that occurs
in late oogenesis. The egg chambers became permeable to
nuclear -gal and became TUNEL-positive. However, the
chromatin condensation was more variable than that which
occurs in normal late oogenesis. This difference may reflect
distinct mechanisms of chromatin compaction, or may re-
flect structural limitations due to limited space or increased
DNA content in late stages.
The cytoskeletal events induced by tdcp-1 were signifi-
cantly different than those normally seen in nurse cells
during late oogenesis. Normally during stage 10B of oogen-
esis, actin bundles form in the cytoplasm of nurse cells,
connecting the plasma membrane with the nucleus (re-
viewed in Cooley and Theurkauf, 1994). After actin bundle
formation, actin-myosin-based contraction occurs and
drives nurse cell cytoplasm dumping. We found that expres-
sion of tdcp-1 did not lead to actin bundles or nurse cell
dumping. Instead, actin formed clumps and disappeared as
the egg chambers degenerated. Similar cytoskeletal events
have been reported for egg chambers that degenerate during
stage 8 in response to other stimuli (Chao and Nagoshi,
1999; Nezis et al., 2000). It is possible that factors required
for actin bundle formation are not expressed during midoo-
genesis. However, egg chambers from midway mutants that
degenerate prematurely during stages 8-9 do show actin
bundles (Buszczak et al., 2002). Thus, midway, which en-
codes an acyl coenzyme A:diacylglycerol acyltransferase,
may normally act to control the timing of actin bundle
formation and nurse cell death. Previously, we had reported
that dcp-1 germline clone mutants were defective in actin
bundle formation and nurse cell dumping; however, recent
findings suggest that these effects are due to a neighboring
gene affected by the P-element alleles and that dcp-1 activ-
ity is not required for these cytoskeletal events (B. Laundrie,
J.P., J. Baum, J. Chang, D. Fileppo, S. Thompson, and
K.M., unpublished observations). Nonetheless, because
nurse cell nuclear breakdown has already begun prior to
dumping, it has been suggested that the cytoskeletal events
are part of the nurse cell death process (Buszczak and
Cooley, 2002).
The formation of actin bundles in the cytoplasm of dying
late-stage nurse cells differs from the actin rearrangements
that have been reported in apoptotic cells and shows simi-
larity to the actin structures in autophagic MCF-7 cells
(Bursch et al., 2000). In cultured mammalian cells under-
going apoptosis, filamentous actin relocalizes to form a
dense network in the cytoplasm at the base of the membrane
blebs, and later disappears (Huot et al., 1998; Mills et al.,
1999; Bursch et al., 2000; Suarez-Huerta et al., 2000).
However, in MCF-7 cells undergoing autophagy, actin
forms fibers stretching from the nucleus to the plasma mem-
brane, resembling the actin bundles seen in nurse cells.
Autophagic cell death has been observed in groups of cells
that die, such as cells of the Drosophila salivary gland
during metamorphosis (Lee and Baehrecke, 2001; reviewed
in Thummel, 2001). Caspase activity is required for Dro-
sophila salivary gland autophagy, but it is not known if
caspase activity is regulated differently in autophagy and
apoptosis (Lee and Baehrecke, 2001). There are several
modes of cell death, including deaths that show properties
of both autophagy and apoptosis (Zakeri et al., 1995) and
nurse cell death may fall into this class. Indeed, autophagic
vacuoles have been reported in nurse cells, although follicle
cells appear to engulf nurse cell material as well (Cummings
and King, 1970; Giorgi and Deri, 1976; Witkus et al., 1980;
Nezis et al., 2000).
Egg chambers degenerating during midoogenesis in re-
sponse to nutrient deprivation or tdcp-1 expression did not
show expression of the altered form of cytochrome c, sug-
gesting that this may be a stage-specific event. One expla-
nation is that the factors required to alter cytochrome c may
not be expressed in midoogenesis. Alternatively, a mito-
chondria-independent cell death pathway may be utilized in
midoogenesis. The lack of cytochrome c alteration suggests
that cytochrome c involvement is not necessary for Dro-
sophila apoptosis when a high level of caspase activity is
present. However, it is possible that cytochrome c plays no
direct role in apoptotic signaling in Drosophila, and this
antibody simply recognizes cytochrome c in dividing or
otherwise altered mitochondria.
Interestingly, egg chambers prior to stage 8 were largely
resistant to any apoptotic effects of activated Dcp-1. Stage
8 has been shown to be a checkpoint stage for a number of
signals, including reduced food availability, ecdysone sig-
naling, treatment with chemicals, ectopic death of follicle
cells, or abnormal egg chamber development (Giorgi and
Deri, 1976; Chao and Nagoshi, 1999; De Lorenzo et al.,
1999; Nezis et al., 2000; Drummond-Barbosa and Spra-
dling, 2001). Because vitellogenesis begins during stage 8,
it has been suggested that the state of the egg chambers is
monitored before making the investment of vitellogenesis
(Giorgi and Deri, 1976; Chao and Nagoshi, 1999; Buszczak
and Cooley, 2000). However, it is interesting that the egg
chambers prior to stage 8 are well-protected from strong
death-inducing stimuli, including expression of a truncated
caspase. This stage-specific protection may be the result of
a high level of caspase inhibitors like IAPs early in oogen-
esis. Indeed, transcriptional downregulation of Drosophila
IAPs during stage 8 has been previously reported (Foley and
Cooley, 1998). We find that overexpression of DIAP1 can
indeed block cell death induced by expression of truncated
Dcp-1 in midoogenesis.
The limited activation of Drice and the unusual cytoskel-
etal events that normally occur in late oogenesis suggest that
caspase activity is carefully controlled during nurse cell
death in late oogenesis. One model to explain the observed
cytoskeletal differences is that only a subset of the usual
cytoskeletal targets of caspases are cleaved in late oogene-
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sis. This limited cleavage would allow for the formation and
persistence of cytoplasmic actin bundles, which are neces-
sary for proper nurse cell cytoplasm transfer. Alternatively,
the cytoskeletal events may be controlled by Damm or
Decay or may be caspase-independent. However, these
models would still require that the activity of Drice and
Dcp-1 be curtailed to prevent disassembly of actin cytoskel-
eton.
We have found that overexpression of the caspase inhib-
itor DIAP1 does not affect normal nurse cell death. This
suggests that nurse cell death may be caspase-independent,
or utilize caspases that are not readily inhibitable by DIAP1.
Alternatively, mechanisms may exist to compartmentalize
caspase activation or to degrade DIAP1, even when it is
overexpressed. Support for this idea comes from the obser-
vations of Hay et al. (1995) that full-length DIAP1 does not
inhibit naturally occurring cell death in the eye as well as a
version of DIAP1 lacking the RING finger. The RING
finger has been shown to be critical for rapid turnover of
DIAP1 protein (reviewed in Ditzel and Meier, 2002).
The controlled caspase activation that occurs in nurse
cells during late oogenesis may explain why this form of
cell death is not regulated by the cell death activators,
reaper, hid, and grim (Foley and Cooley, 1998). Reaper,
Hid, and Grim induce apoptosis in many cell types by
triggering the degradation of DIAP1 (reviewed in Martin,
2002). Embryos homozygous for the H99 chromosomal
deletion, which removes reaper, hid, and grim, are com-
pletely lacking in normal programmed cell death (White et
al., 1994). However, flies carrying H99 germline clones
undergo normal nurse cell death, indicating that nurse cell
death is regulated differently than the vast majority of cell
deaths in Drosophila (Foley and Cooley, 1998). Perhaps the
Reaper, Hid, Grim/DIAP1 mechanism of apoptosis induc-
tion would not permit such localized and limited caspase
activation. This regulation of caspase activity may be nec-
essary for the systematic destruction of nurse cells while the
oocyte is protected from active caspases and other danger-
ous cleaved proteins.
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